Citation: TransI Psychiatry (2012) 2, el33, cloi:10.1038/tp.2012.58 
© 2012 Macmillan Publishers Limited Ail rights reserved 2158-3188/12 



www.nature.com/tp 

Environmental enrichment rescues female-specific 
hyperactivity of the hypothalamic-pituitary-adrenal 
axis in a model of Huntington's disease 

X Du^ ^ L Leang\ T Mustafa^ T Renoir\ TY Pang^ " and AJ Hannan^'^" 

Huntington's disease (HD) has long been regarded as a disease of the central nervous system, partly due to typical 
disease symptoms that include loss of motor control, cognitive deficits and neuropsychiatric disturbances. However, the 
huntingtin gene is ubiquitously expressed throughout the body. We had previously reported a female-specific depression- 
related behavioural phenotype in the R6/1 transgenic mouse model of HD. One hypothesis suggests that pathology 
of the hypothalamic-pituitary-adrenal (HPA) axis, the key physiological stress-response system that links central and 
peripheral organs, is a cause of depression. There is evidence of HPA axis pathology in HD, but whether it contributes to the 
female R6/1 behavioural phenotype is unclear. We have examined HPA axis response of R6/1 mice following acute stress and 
found evidence of a female-specific dysregulation of the HPA axis in R6/1 mice, which we further isolated to a hyper-response 
of adrenal cortical cells to stimulation by adrenocorticotrophin hormone. Interestingly, the adrenal pathophysiology was not 
detected in mice that had been housed in environmentally enriching conditions, an effect of enrichment that was also reproduced 
in vitro. This constitutes the first evidence that environmental enrichment can in fact exert a lasting influence on peripheral organ 
function. Cognitive stimulation may therefore not only have benefits for mental function, but also for overall physiological 
wellbeing. 
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Introduction 

The hypothalannic-pituitary-adrenal (HPA) axis is the key 
neuroendocrine system that regulates stress responses. 
Disturbance of this tightly regulated circuitry has been demon- 
strated in many psychiatric conditions.^ Studies have focused 
on the roles of the hypothalamus and pituitary in regulating 
stress response, partly due to clinical pathologies originating 
from the adrenal glands being a somewhat uncommon 
occurrence (for example, congenital adrenal hyperplasia). 

Huntington's disease (HD) is an autosomal dominant 
neurodegenerative disorder caused by a CAG repeat expan- 
sion mutation in the huntingtin gene. There is evidence of 
pathology in the hypothalamus,^ pituitary^ and adrenal 
glands'* of HD patients, which could contribute to the 
increased frequency of depression in HD. In agreement with 
those findings, various studies have described HPA axis 
hyperactivity in HD patients,^ including altered Cortisol 
awakening responses,^ pathological dexamethasone (DEX) 
suppression responses'' and increased urine Cortisol levels.^ 

A wide spectrum of psychiatric changes is observed in HD 
patients and includes a high incidence of depression. 
However, there is a lack of studies examining the aetiology 
of the depression symptoms in the context of this disease. 
Hyperactivity of the HPA axis is the most replicated biological 



finding in clinical depression, making it a good candidate 
for examining in HD. Previously, it was reported that the HPA 
axis is hyperactive in the early-onset R6/2 transgenic mouse 
model of HD.® The authors attributed this to hyperplasia of the 
adrenal gland. This pathology was reportedly due to a 
dysregulation of adrenocorticotropic hormone (ACTH) pro- 
duction by the anterior pituitary, as a direct consequence of 
abnormal dopamine D2 receptor gene expression. However, 
the R6/2 mouse model has rapid and aggressive development 
of disease symptoms more reminiscent of juvenile-onset HD, 
thus making it an unsuitable model for the study of adult-onset 
HD, which constitutes approximately 95% of cases. 

We had previously described a female-specific depression- 
related behavioural phenotype in the R6/1 mouse line, a 
transgenic model of HD with the onset of disease symptoms 
during adulthood.^ ^ Here, we investigated whether there was 
pathophysiology of the stress response system in this model. 
We found that female, but not male, R6/1 mice had altered 
stress response due specifically to adrenal gland pathophy- 
siology, and environmental enrichment was able to correct 
this. Thus, we have uncovered a specific peripheral pathology 
in HD and demonstrated a modulatory effect of environmental 
enrichment on the regulation of stress that functions 
independently of the central nervous system. 
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Materials and methods 

Mice. R6/1 transgenic mice and wild-type (WT) littermates 
were bred from a colony maintained at the Florey 
Neuroscience Institutes (FNI). Animals were group-housed 
in a room with 12 h light/dark cycle with food and water 
access ad libitum. IVIice that underwent environmental 
enrichment were housed in large cages (25 x 37x 16cm^) 
from 8 to 12 weeks with objects of various shapes, colours 
and textures that were changed weekly, along with abundant 
nesting material. All experiments were conducted at 12 
weeks of age. 

Stress paradigm: forced swimming. IVIice were exposed 
to an acute psychogenic stress paradigm based on 
the forced-swim test, which was performed between 
0800-11 00 h to control for diurnal variations in endogenous 
corticosterone levels. It involved placing each individual 
mouse into a beaker of water (24-26 °C) for lOmin. One 
group of mice (Omin) was killed immediately via cervical 
dislocation upon removal from the water and trunk blood 
collected for corticosterone analysis. The other two groups 
of mice were returned to their home-cages and killed 30 
or 60min later to collect blood for corticosterone analysis. An 
independent group of mice were killed for baseline 
corticosterone control. 

Quantification of corticosterone and ACThH. Freshly 
collected trunk blood was allowed to clot at room 
temperature for 30min before being centrifuged at 1070r.c.f. 
for 15min. Serum was collected and stored at -20 "C until 
subsequent analysis. Serum corticosterone levels were 
determined using Environmental Impact Assessment (no. 
500655; Cayman Chemical, Ann Arbor, Ml, USA) according to 
the manufacturer's instructions. Serum ACTH levels were 
determined using a Milliplex IVIouse Bone Panel 2A kit 
(Millipore, St Charles, MO, USA) as per the manufacturer's 
recommendations. Samples were read on the Luminex 100 
instrument. This was performed by Cardinal Bioresearch (New 
Farm, OLD, Australia). 

DEX suppression test, DEX-corticotropin-reieasing 
liormone and DEX-ACTH challenges. The dexametha- 
sone suppression test involved intraperitoneal administration 
of dexamethasone (DEX) (0.1 mgkg"^ body weight; Sigma- 
Aldrich, St Louis, MO, USA) between 0800 and lOOOh. After 
6h, mice were killed and trunk blood collected for 
corticosterone analysis. For the DEX-corticotropin- 
reieasing hormone (CRH) challenge, mice were treated as 
per the dexamethasone suppression test. At 6h after DEX 
administration, mice received CRH (intraperitoneally, 
20|igkg"'' body weight; Sigma-Aldrich). At 30min post-CRH 
injection, mice were killed and trunk blood collected for 
corticosterone analysis. For the DEX-ACTH challenge, 
mice were treated as per the dexamethasone suppression 
test. At 6h after DEX administration, mice received 
ACTH (intraperitoneally, 50|ig per lOOg body weight; 
Prospec, Rehovot, Israel). At 30min post-ACTH injection, 
mice were killed and trunk blood collected for corticosterone 
analysis. 



RNA extraction and cDNA synthesis. Mice were killed via 
cervical dislocation and brains were removed for 
microdissection of the relevant regions. Adrenal glands 
were harvested. All tissue was snap frozen in liquid 
nitrogen and stored at -80 °C. Tissue was disrupted using 
a bioruptor and RNA was isolated using RNeasy RNA Mini 
kits (Qiagen, Melbourne, VIC, Australia) according to the 
manufacturer's instructions. Extracted RNA was stored at 
-80 °C. Sample was reverse transcribed into cDNA using 
Superscript* VILO™ cDNA synthesis kit (Invitrogen, 
Mulgrave, VIC, Australia) according to the manufacturer's 
instructions. cDNA products were stored at -20 °C until 
further use. 

Real-time quantitative PGR. cDNA was amplified using the 
SYBR Green JumpStart Taq Ready Mix (Sigma, Castle Hill, 
NSW, Australia) based on the manufacturer's instructions 
(primer sequences are provided in Supplementary Table 1). 
Glucocorticoid receptor (GR) expression at baseline was 
measured in the hypothalamus, hippocampus and cortex. 
CRH expression was measured in the hypothalamus and pro- 
opiomelanocotin (P0MC1) and dopamine receptor D2 (Drd2) 
expression were measured in the pituitary gland, all at 
baseline. Adrenal samples were analysed for GR, 
melanocortin 2 receptor (mc2i), cAMP-responsive element 
modulator (crem) and steroidogenic acute regulatory protein 
(StAR) gene expression at baseline and 60 min post-stress in 
both standard-housed and enriched mice. Real-time 
quantitative PCR was carried out using the Applied 
Biosystems 7500 Fast Real-time PCR system sequence 
detection software version 1.4 (Applied Biosystems, Foster 
City, CA, USA). Cyclophilin was used as an endogenous 
control for the cortex, hippocampus and hypothalamus 
analyses. Growth hormone was used for pituitary cDNA 
samples. Each sample and housekeeping control was run in 
duplicate. 

Adrenal cortical culture. Adrenal cortical cells were 
harvested and cultured following the protocol outlined 
previously,^^ with certain modifications. Both adrenal glands 
were dissected from a single animal, bisected and medulla 
removed. Adrenal cortical cells were dissociated in 
collagenase before being plated at a density of 30000 cells 
per 96-well plate in complete media comprising of Dulbecco's 
modified Eagle's medium/F12, 15% horse serum, 2.5% fetal 
calf serum, penicillin (100Uml"^)/streptomycin (lOO^gml^^) 
and 2% glutamine. After 5 days in culture, cells were serum 
deprived for 2 h to halt exogenous corticosterone production 
through serum-derived ACTH. A complete media change was 
performed with serum-free media containing ACTH 
(5000nmoll"^). Periodic sampling of media was conducted 
at 1 0, 60 and 120 min post-addition of ACTH for corticosterone 
analysis. 

Statistical analysis. Data are presented as mean + s.e.m. 
Where appropriate. Student's f-test, two-way analysis of 
variance (ANOVA), three-way ANOVA or two-way repeated 
ANOVA were used to analyse statistical significance 
between experimental factors. For real-time PCR, statistical 
analyses were performed on relative fold-changes 
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Figure 1 Persistent elevation of corticosterone in female R6/1 mice following exposure to stress is rescued by environmental enrichment. Fluctuation of serum 
corticosterone levels in female (a) and male (b) mice at different intervals post-swim stress. *Significant difference in corticosterone, P<0.05; "significant difference in 
corticosterone, P< 0.01 ; "significant difference in corticosterone at the specific time point sampled compared to baseline group, P< 0.05 (n = 5-8 per group). 



determined from raw Ct values by the 2" method (ABI 
User Bulletin no. 2). The mean fold-changes of the various 
groups were normalized to male WT levels for genotype 
comparisons of brain GR expression. For female-specific 
analyses, gene expressions were normalized to standard- 
housed WT levels. The level of statistical significance was 
set at a = 0.05. 



Results 

Abnormal elevation of corticosterone in female HD mice 
post-stress. A two-way ANOVA was used to analyse the 
effects of stress and genotype on serum corticosterone 
levels. Gender was not used as a factor as it is known that 
there is a sexually dimorphic response to stress.^® 

In female mice, significant effects were found for time 
(F(3,53)= 11-52, P< 0.001), genotype (F(i,53) = 20.03, 
P< 0.001) and interaction (F(3,53) = 3.425, P= 0.0236). In 
male mice, there was no main effect of genotype 
(F(i ,35) = 0.3829, P=0.54), but a significant effect of time 
(F(3,35) = 59.87, P< 0.001) was seen with no significant 
interaction (F(3,35) = 0.3852, P= 0.7643). We found that 
baseline serum corticosterone levels between genotypes 
were unchanged in both female (Figure la) and male 
(Figure lb) mice. Immediately after forced-swimming, similar 
peak serum corticosterone was observed in both genotypes of 
female and male mice. There was a progressive temporal 
decrease of serum corticosterone post-stress in all WT mice. 
Male R6/1 mice displayed a pattern of decreasing corticoster- 
one similar to that of WT. In contrast, corticosterone levels 
remained significantly elevated in female R6/1 mice at 30 and 
60min post-stress compared to WT, which returned to 
baseline levels by 30 min post-stress. 

Gene expression of central regulators of stress 
response is unchanged. The persistent elevation of 
serum corticosterone after stress in female R6/1 mice 
could reflect impairment of the negative feedback signalling 
system of the HPA axis, a process governed by GR in the 
cortex, hippocampus and hypothalamus. ^''■^^ Negative 
feedback is found to be impaired in a large proportion of 
clinically depressed patients. However, GR gene 



expression was unaltered in all three brain regions of R6/1 
mice (Supplementary Figures 1A-G). 

Previously, pituitary dysfunction and enhanced CRH 
signalling had been described in the R6/2 mouse model of 
HD.^ However, CRH gene expression in the female R6/1 
hypothalamus was unaltered (Supplementary Figure ID). 
Increased ACTH level in the R6/2 transgenic model had been 
suggested to be a consequence of reduced drd^ expression in 
the pituitary.^ However, in R6/1 mice, both clrd2 and pomd 
gene expression in the R6/1 pituitary were unaltered 
(Supplementary Figures IE and F). 



Adrenals of female HD mice are hyper-responsive to 
ACTH stimulation. The female-specific alteration in stress 
response was further investigated with a series of functional 
tests of the different components of the HPA axis. Two-way 
ANOVA revealed significant genotype (F(i ,27)= 10.03, 
P= 0.0038), drug (F(2,27) = 52.2, P< 0.001) and interaction 
effects (F(2,27) = 4.786, P= 0.01 66). In the males, while there 
was no genotype effect (F(i ,29) = 0.01 275, P= 0.91 09) or 
interaction (F(2,29) = 0.651 9, P= 0.5285), there was a 
significant effect of drugs (F(2,29) = 27.97, P< 0.001). GR- 
initiated suppression of corticosterone levels was examined 
with administration of DEX, a GR-specific agonist. DEX non- 
suppression of corticosterone is a common pathological 
feature of clinical depression. ^^'^^ In agreement with normal 
GR gene expression, reduction of serum corticosterone 
levels by activation of GR was not compromised in female 
(Figure 2a) or male (Figure 2b) R6/1 mice. Similarly, serum 
corticosterone levels were not significantly different following 
DEX-CRH administration for females or males. 

Following ACTH treatment post-DEX suppression, female 
(Figure 2a), but not male (Figure 2b), R6/1 mice had 
significantly greater corticosterone levels compared to the 
WT (P< 0.001), which indicates that female R6/1 adrenals 
were hyper-responsive to ACTH stimulation. We investigated 
possible hyper-secretion of ACTH from the pituitary gland 
as a cause of excess corticosterone by quantifying 
ACTH levels in DEX-CRH-treated mice. Pituitary function 
was deemed normal by similar serum ACTH levels in both 
R6/1 and WT mice (Figure 2c), suggesting an adrenal 
gland-specific pathology. 
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Figure 2 Pharmacological examination of the hypothalamic-pituitary-adrenal (HPA) axis. Serum corticosterone levels were quantified in female (a) and male (b) mice 
treated with dexamethasone (DEX) alone or either corticotropin-releasing hormone (CRH) or adrenocorticotrophin hormone (ACTH) 6-h post-DEX administration. ACTH 
protein levels after DEX-CRH treatment was measured in female mice (c) as well as in vitro adrenal cellular response to ACTH stimulation (d). DEX administration suppressed 
corticosterone levels in all mice tested. CRH administration following DEX increased corticosterone levels in all mice. ACTH administration in DEX-treated mice also increased 
corticosterone levels in all mice, but levels in female Huntington's disease (HD) mice were 180% of wild-type (WT) levels. Normal pituitary function is reflected by similar 
[ACTH] levels in WT and HD mice following direct stimulation of the pituitary by CRH. **P< 0.01 , ***p< 0.001 (n = 4-6 per group for a, 5-7 per group for b, 8 for WT and 7 for 
HD for c, and 4-5 per group for d). 



To examirne adrenal function specifically, we isolated the 
adrenal cortical cells from female WT and R6/1 mice and 
performed in vitro stimulation in culture by the addition of 
ACTH. Using two-way repeated measure ANOVA, we found a 
significant increase of corticosterone in culture media over 
time (F(2,18) = 27.15, P<0.001) along with an overall geno- 
type difference (F(i,i8) = 6.432, P= 0.031 9) (Figure 2d). 
There was also a significant genotype x time interaction 
(F(2,i8) = 6.114, P= 0.0094). Post-hoc test revealed that 
120min post-addition of ACTH, cultures of R6/1 adrenal 
cortical cells yielded significantly higher concentration of 
corticosterone in the culture media compared to WT cells 
(P<0.01), thereby dissociating the pathology from the 
perception and experience of stress by the animal (Figure 2d). 



No evidence of pathology of female HD adrenal 
cortex. Hyperplasia of the adrenal cortex and increased 
adrenal weight had been reported in the R6/2 transgenic 
line,^ but the adrenal weights of R6/1 mice were similar to 
WT mice (data not shown). 

As the abnormal corticosterone response was only ob- 
served in the female HD mice, we examined the morphology 
of the adrenal glands from female mice. Histological 
analysis revealed that the cross-sectional area and thicl<ness 
of the adrenal cortex were similar between HD and 
WT adrenals (Supplementary Figures 2A and B). There was 
also no difference in the adrenal medulla (data not shown). 
The thicl<nesses of the zona fasciculata (Supplementary 
Figure 2C), the zona glomerulosa and zona reticularis were 
similar (data not shown). Lil<ewise, there was no difference 



in cell density of the zona fasciculata (Supplementary 
Figure 2D). 



Environmental enricliment corrects adrenal pathophysio- 
logy independent of CNS regulation. Environmental enrich- 
ment has been shown to be beneficial in various models of 
neurodegenerative diseases.^^ Previously, we showed that 
environmental enrichment rescued the female-specific 
depression-related behavioural phenotype of R6/1 mice.^^ 
Although the effects of enrichment have been placed in the 
brain, a recent study has described beneficial effects on peri- 
pheral systems, albeit mediated via hypothalamic regulation.^"* 

Environmental enrichment resulted in no overall genotypic 
differences in corticosterone level according to two-way 
ANOVA (F(i ,42) = 2.553, P= 0.11 84). Enrichment did not alter 
baseline levels of corticosterone (Figure 3a). Peak level 
(0 min) was also comparable in both HD and WT mice, with the 
peal< level similar to previous results. However, corticosterone 
levels in enriched female HD mice 60 min post-stress were no 
longer significantly elevated. 

We further investigated the effect of enrichment on 
corticosterone secretion by measuring adrenal response to 
ACTH stimulation in environmentally enriched mice using the 
DEX-ACTH test. Compared to SH mice, two-way ANOVA 
revealed significant genotype (F(i ,23) = 7.536, P= 0.01 15), 
housing (F(i,23) = 20.13, P<0.001) and interaction 
(F(i,23) = 9.515, P= 0.0052) effects. Posf-rtoc tests showed 
that whilst enrichment did not alter WT response to DEX- 
ACTH, it significantly reduced corticosterone response in the 
R6/1 mice (P< 0.001), correcting it to WT level (Figure 3b). 
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Figure 3 Environmental enrichment changes the temporal dynamics of the stress response, (a) Environmental enrichment does not alter baseline cortlcosterone levels or 
peak stress response measured immediately following stress. However, the persistent increase in serum cortlcosterone in female Huntington's disease (HD) mice is corrected 
by enrichment, (b) Enriched female HD mice have the same dexamethasone-adrenocorticotrophin hormone (DEX-ACTH) response as wild-type (WT) mice, (c) Enrichment 
corrects hyperactivity of adrenal cells in vivo in response to ACTH. **P<0.01, ***P< 0.001 (n = 8-10 per group for a and b, and 4-5 per group for c). 



Furthermore, adrenal cells from enriched female mice were 
cultured and stimulated with ACTH to test adrenal function 
in vitro. Comparing this to results from WT adrenal culture, 
two-way ANOVA revealed significant genotype (F(ij4) = 
8.192, P=0.0125), housing (F(i,i4)= 15.75, P=0.0014) and 
interaction (F(i,i4) = 5.468, P= 0.0347) effects. Post-tioc 
tests show that environmental enrichment significantly re- 
duced cortlcosterone output of R6/1 adrenal cells when 
compared to cells harvested from SH mice (P<0.01), 
restoring them to WT levels (Figure 3c). 

Environmental enrichment alters adrenal gene 
expression patterns pre- and post-stress. The ACTH 
receptor (mc2i) is critical for cortlcosterone regulation. We 
performed gene expression analysis comparing mRNA 
levels in the adrenals collected from standard-housed 
and environmentally enriched female HD and WT mice 
(Figure 4a). There were significant genotype (F(i,32) = 
14.107, P=0.001) and condition (F(i,32) = 13.821, 
P= 0.001) effects. There were also significant geno- 
type x stress (F(i = 6.556, P=0.015) and housing x 
stress (F(i,32) = 24.789, P< 0.001) interactions. Post-tioc 
analysis found no genotype differences in mc2r expression 
levels in standard-housed and enriched groups. Thus, hyper- 
secretion of cortlcosterone by the HD adrenals is not due to 
increased expression of ACTH receptors on the adrenal 
glands. 

There was no difference in mc^r levels in standard-housed 
unstressed HD and WT mice. At 60min post-stress, mc2r 
levels are significantly upregulated in standard-housed WT 
(P< 0.001) and HD (P= 0.003) adrenals. In contrast, this 
upregulation of mc2r expression was not observed in the 
adrenals of enriched mice. After stress, mc2r levels were 
greater in WT than in HD adrenals, regardless of standard 
(P<0.001) or enriched housing (P=0.021). 

Crem is a downstream transcriptional target of ACTH 
receptor activity and is a regulator of cortlcosterone secre- 
tion.^®'^'' Three-way ANOVA revealed a significant effect of 
stress on crem expression (F(i ,32) = 10.306, P= 0.003) 
(Figure 4b). There was a significant housing x stress interac- 
tion (F(i ,32) = 24.884, P< 0.001). Crem expression was 
significantly downregulated 60min post-stress in WT 
(P< 0.001) and HD adrenals (P< 0.001) of standard-housed 
mice. In contrast, crem expression was upregulated post- 
stress in environmentally enriched WT (P= 0.006) and HD 
adrenals (P= 0.009) compared to the standard-housed 
stressed groups. Baseline levels of crem in enriched WT 



adrenals was significantly reduced and there was a strong 
trend also in HD adrenals (P= 0.052). 

The regulation of steroidogenesis is mediated by StAR 
protein which is up-regulated following stimulation of the 
adrenals by ACTH.^^ Increased production of glucocorticoids 
by the adrenal gland could be associated with abnormal 
increases in S£4Rin the adrenals. Analyzing SfcAR expression, 
three-way ANOVA revealed significant effects of genotype 
(F(i,32) = 27.030, P< 0.001) and housing (F(i,32)= 152.038, 
P< 0.001) (Figure 4c). In addition, there was a significant 
genotype X housing X stress interaction (F(i,32) = 20.852, 
P< 0.001). StAR was significantly upregulated 60min post- 
stress in standard-housed WT adrenals (P= 0.019), but not in 
HD adrenals. Enrichment housing significantly upregulated 
StAR expression levels in both WT (P<0.001) and HD 
adrenals (P< 0.001). There was no change in SMRexpression 
in adrenals from enriched WT mice. In contrast, StAR was 
significantly downregulated 60min post-stress in enriched HD 
adrenals (P< 0.001). 

GR can be seen as the off switch for adrenal steroidogen- 
esis.^^ Therefore, we examined GR expression in the adrenals. 
Three-way ANOVA found a significant effect of housing 
(F(i,39) = 22.243, P< 0.001), but no difference due to genotype 
or stress (Figure 4d). However, there was a significant 
genotype X housing X stress interaction (F(i,3g) = 20.609, 
P< 0.001). Posf-/?oc analysis revealed a reduction in adrenal 
GR expression in standard-housed non-stressed HD mice 
(P= 0.001) compared to the WT group. This reduced expres- 
sion was ameliorated by environmental enrichment (P< 0.001 ). 

Discussion 

Traditionally, HD has been studied with focus overwhelmingly 
placed on the brain, although iiuntingtin is expressed 
ubiquitously throughout the body. Our finding of an adrenal- 
specific, CNS-independent pathophysiology places a new 
perspective on the potential aetiology of the depression- 
related phenotypes. Furthermore, the sexually dimorphic 
presentation may have clinical implications, as gender- 
specific vulnerability can mean that tailored treatments or 
prevention strategies are required to be implemented in 
patients. The finding that environmental enrichment was able 
to correct this peripheral abnormality, through adrenal- 
specific mechanisms, lends great strength to its potential as 
a treatment for HD as well as other diseases. 

Post forced-swim stress, we found that female, but not 
male, HD mice had persistent elevations in cortlcosterone 
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Figure 4 Expression patterns of genes involved in adrenal function and steroidogenesis in the adrenal glands of Huntington's disease (HD) and wild-type (WT) mice 
following environmental enricfiment and exposure to stress, (a) The adrenocorticotrophin hormone (ACTH) receptor {mc2r), (b) cAMP response element modulator {crem) and 
(c) steroidogenic acute regulatory protein (StAR). (d) There is a significant reduction in glucocorticoid receptor (GR) expression in the adrenal glands of HD mice, which is 
completely rescued by environmental enrichment. Enriched HD mice also have greater adrenal GR expression than enriched WT under non-stress conditions. Expression 
levels were measured using quantitative reverse transcription-polymerase chain reaction (RT-PCR). *P< 0.05, *"P< 0.001 . [n = 5-6 per group). 



levels. Interestingly, baseline levels were unaltered, in 
contrast to previous findings in the more aggressively 
progressing R6/2 line.^ This indicates that HD-associated 
depression-like behaviours were not likely to be the conse- 
quence of chronic elevations in circulating cortlcosterone 
levels. This Interpretation Is supported by the finding that 
Cortisol levels are not abnormally elevated in HD patients until 
the moderate stages of disease progression.® 

The HPA axis Is self-regulatory through activity of GR 
located throughout the brain and disruption of this system can 
result in hypercortisolaemla.^° There is strong evidence that 
depression Is associated with reduced expression of GR In the 
brain®^ '®^ and periphery,®^ and results In a depression-related 
phenotype In rodents. ^"^'^^ We found, however, through normal 
GR expression and DEX suppression that the abnormal 
elevation in cortlcosterone In female HD mice was not due to 
disruption of the negative feedback of the HPA axis, a feature 
seen in clinical depression.^® Results of the DEX-CRH 
challenge, coupled with similar levels of serum ACTH in both 
groups. Indicate Intact pituitary function in HD mice. This Is In 
contrast with the R6/2 model, where it was suggested that the 
source of adrenal dysfunction was c/rc(2 dysregulatlon of ACTH 
secretion.® We found pituitary gene expression levels of drd2 
and the precursor of ACTH (pomd) to be normal in female HD 
mice. Furthermore, there was no evidence of adrenal 
hyperplasia, which was also described In the R6/2 model. 

A sex-specific dysfunction of the adrenals was also 
demonstrated from the DEX-ACTH test with female, but not 
male, HD mice, responding with significantly elevated levels of 
cortlcosterone following direct stimulation of the adrenal 
gland. There could be multiple factors Influencing the sex- 
specific pathophysiology, and the prime candidate would be 
the modifying role of sex hormones In adrenal response to 
stress or depression in general. In support of this, there Is 



good evidence of abnormalities of gonadal function In HD 
patients and mouse models,®''"'*^ and further research into 
how this Impacts on the depression phenotype is warranted. 
Few papers examined HD neuroendocrinology for gender 
effects. The available findings suggest that dopaminergic 
input from the hypothalamus to the pituitary is not significantly 
altered in asymptototic HD gene carriers as shown by 
prolactin and homovanlllic acid measures, although differ- 
ences become apparent post-onset. '^^''^^ Previous studies of 
HD endocrinology have been limited, with findings of reduced 
HPG axis activity In separate studies examining ma\e^^ and 
female®® patients. Interestingly, female testosterone and 
dehydroeplandrosterone sulphate hormone decline is similar 
between HD patients and controls, except for those patients 
with depression, who show significantly lower levels. No study 
to our knowledge specifically examined gender differences in 
HPA axis function In HD patients. The results of this study, and 
lack of clinical data In this area, advocate for more attention to 
be paid to the examination of gender differences In clinical 
studies of early HD, which may have significant Impact on the 
management and treatment of early symptoms such as 
depression. 

To our knowledge, this is the first HD study to examine 
adrenal cortical cells in vitro. The finding that HD cells were 
hyper-responslve to ACTH stimulation highlights the cell- 
autonomous nature of this pathophysiology by removing the 
caveat of CNS Influence. Taken together, this evidence argues 
that the hyperactivity of the HPA axis seen In the female R6/1 
mice Is solely due to an adrenal-specific pathophysiology. 
Absence of morphological difference between the adrenals of 
R6/1 versus WT mice suggests regulatory dysfunction. 

Cognitive stimulation through environmental enrichment 
has been demonstrated to rescue the depression-related 
behavioural phenotype in the female R6/1 HD mice.^^ Here, 
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we show that environmental enrichment has direct peripheral 
benefits: correcting the pathophysiology of the adrenal gland. 
The possibility that enrichment alters stress perception 
instead of adrenal physiology is annulled by enrichment 
correcting the abnormal response of female R6/1 mice to the 
DEX-ACTH test. In addition, the finding that the benefits of 
enrichment are preserved from in vivo to in vitro further 
suggests that the mechanism of its action is adrenal-specific 
and enduring. Collectively, this is evidence that the beneficial 
effects of environmental enrichment on adrenal dysfunction 
are independent of any changes occurring in the brain. 

Significant reduction of GR expression in the adrenals 
further supports this adrenal-specific proposition. Unaltered 
baseline corticosterone levels indicate that the level of GR 
expressed by the adrenals in the R6/1 females is adequate for 
maintaining normal physiological levels of corticosterone. The 
reduction in GR expression in the adrenal glands was 
concurrent with unaltered GR expression in the brain, 
suggesting an organ-specific HD pathology. Expression of 
the mutant transgene in this model is ubiquitous'*'* and mutant 
protein aggregates in the adrenal cortex.'*^ Epigenetics may 
be a mechanism of enrichment action as environmental 
factors such as high maternal care has been found to reduce 
methylation of exon I7 GR promoter in the hippocampus, 
resulting in higher GR expression and consequently lower 
corticosterone levels at baseline and post-stress compared 
with those that received low maternal care.'*®'*'' Therefore, it 
would be of great interest to analyse the methylation state of 
GR in the adrenals to examine whether enrichment mediates 
its benefits via epigenetic mechanisms. 

The ACTH receptor gene, mc2r, is the initiator of 
corticosterone production. The baseline levels of corticoster- 
one reflect similar baseline corticosterone levels between 
genotypes. At 60min post-stress, mc2r expression was 
increased in both genotypes. This is expected, as activation 
of the ACTH receptor results in further increases of mc2r 
expression.^® In the enriched animals, the level of mc2r\s the 
same between the genotypes as well as between baseline 
and 60 min post-stress. This suggests that the adrenal glands 
of enriched mice are faster at adapting to stress; returning to 
homeostasis by 60 min unlike standard-housed animals. 

StAR is the rate-limiting factor of steroidogenesis that 
transfers substrate cholesterol into the inner mitochondrial 
membrane. In standard-housed mice, its expression is similar 
between genotypes at baseline, with modest increases 60 min 
post-stress. Enrichment significantly increased SMR expres- 
sion for both WT and R6/1 mice at baseline. Higher StAR at 
baseline, with the absence of increased baseline corticoster- 
one, suggests that the steroidogenic machinery is sensitized 
to stressors, and potentially also show a faster return to 
baseline, as suggested by the mc2r expression profile. 
Interestingly, while StAR remains highly expressed in WT 
enriched mice 60 min post-stress, in R6/1 enriched mice, its 
expression is greatly reduced after stress. As StAR expres- 
sion is suppressed by GR activation^® and as GR expression 
is increased in the R6/1 mice after enrichment, GR regulation 
is likely a potential mechanism for explaining the abnormal 
HPA axis phenotype in the female R6/1 mice as well as the 
means by which enrichment corrects this phenotype. Further 
work is required to substantiate this mechanistic model. 



This study is the first to demonstrate a peripheral organ- 
specific pathophysiology that has the potential to influence 
neuropathology in HD. It is also the first to demonstrate that 
environmental enrichment, a paradigm associated with 
increased mental stimulation and more commonly employed 
in the study of cognition, is also capable of altering peripheral 
physiology. More specifically, our results demonstrate that 
cognitive stimulation is not only beneficial for mental health at 
the level of psychological processing, but can also have direct 
effects on peripheral elements of the stress regulatory 
system. These findings have significant implications for the 
understanding of the physiology of stress as well as the 
pathophysiology of Huntington's disease. 

Conflict of interest 

The authors declare no conflict of interest. 



Aci<nowledgements. This work was supported by Project Grant funding 
(AJH) from the NHMRC and an ARC Future Fellowship (AJH). XD is supported by a 
Melbourne Research Scholarship (University of Melbourne). 



1. Wasserman D, Wasserman J, Sokolowski M. Genetics of HPA-axis, depression and 
suicidality. Eur Psychiatry 25: 278-280. 

2. Petersen A, Gil J, IMaat-Schieman ML, Bjorkqvist M, Tanila H, Araujo IM etal. Orexin loss 
in Huntington's disease. Hum Mol Genef 2005; 14: 39-47. 

3. Petersen A, Bjorkqvist M. Hypothalamic-endocrine aspects in Huntington's disease. Eur J 
Neurosci 2006; 24: 961-967. 

4. Sattiasivam K, Hobbs C, Turmaine M, Mangiarini L, Mahal A, Bertaux F etal. Formation ot 
polyglutamine inclusions in non-CNS tissue. Hum Mol Genet 1999; 8: 813-822. 

5. Aziz NA, Fiji H, Frolich M, van der Graat AW, Roelfsema F, Roos RA. Increased 
hypothalamic-pituitary-adrenal axis activity in Huntington's disease. J Clin Endocrinol 
Metab 2009; 94: 1223-1228. 

6. van Duijn E, Sells MA, Giltay EJ, Zitman FG, Roos RA, van Pelt H e( al. Hypothalamic- 
pituitary-adrenal axis tunctioning in Huntington's disease mutation carriers compared with 
mutation-negative first-degree controls. Brain Res Su//2010; 83: 232-237. 

7. Heuser IJ, Chase TN, Mouradian MM. The limbic-hypothalamic-pituitary-adrenal axis in 
Huntington's disease. S/o/ Psyctoatry 1 991 ; 30: 943-952. 

8. Bjorkqvist M, Petersen A, Bacos K, Isaacs J, Norlen P, Gil J etal. Progressive alterations in 
the hypothalamic-pituitary-adrenal axis in the R6/2 transgenic mouse model of 
Huntington's disease. Hum Mol Genef 2006; 15: 1713-1721. 

9. Pariante CM, Lightman SL. The HPA axis in major depression: classical theories and new 
developments. Trends Neurosci 2008; 31: 464-468. 

10. Stetler G, Miller GE. Depression and hypothalamic-pituitary-adrenal activation: a 
quantitative summary of four decades of research. Psycliosom Med 2011; 73: 114-126. 

1 1 . Pang TY, Du X, Zajac MS, Howard ML, Hannan AJ. Altered serotonin receptor expression 
is associated with depression-related behavior in the R6/1 transgenic mouse model of 
Huntington's disease. Hum Moi Genef 2009; 18: 753-766. 

12. Groenink L, Dirks A, Verdouw PM, Schipholt M, Veening JG, van der Gugten J etal HPA 
axis dysregulation in mice overexpressing corticotropin releasing hormone. Biol Psycliiatry 
2002; 51:875-881. 

13. Jiang X, Wang J, Luo T, Li Q. Impaired hypothalamic-pituitary-adrenal axis and its 
feedback regulation in serotonin transporter knockout mice. Psychoneuroendocrinology 
2009; 34: 317-331. 

14. Touma C, Palme R, Sachser N. Analyzing corticosterone metabolites in fecal samples of 
mice: a noninvasive technique to monitor stress hormones. Horm 6ehav2004; 45: 10-22. 

15. Chu Y, Wu BM, McCabe ER, Dunn JC. Serum-free cultures of murine adrenal cortical cells. 
J Pediatr Surg 2006; 41: 2008-2012. 

16. Akinci MK, Johnston GA. Sex differences in the effects of acute swim stress on binding to 
GABAA receptors in mouse brain. J Neurochem 1993; 60: 2212-2216. 

17. Furay AR, Bruestle AE, Herman JP. The role of the forebrain glucocorticoid receptor in 
acute and chronic stress. Endocrinology 200B; 149: 5482-5490. 

18. Andrews MH, Wood SA, Windle RJ, Lightman SL, Ingram CD. Acute glucocorticoid 
administration rapidly suppresses basal and stress-induced hypothalamo-pituitary-adrenal 
axis activity. Endocrinology 2Q^2; 153: 200-211. 

19. Caroll BJ, Curtis GO, Mendels J. Neuroendocrine regulation in depression. I. Limbic 
system-adrenocortical dysfunction. Arcli Gen Psychiatry\976; 33: 1039-1044. 

20. Kalin NH, Weiler SJ, Shelton SE. Plasma ACTH and Cortisol concentrations before and 
after dexamethasone. Psychiatry Res 1 982; 7: 87-92. 



Translatlonal Psychiatry 



Hyperactivity of ttie HPA axis 

X Duefa/ 



21 . Rush AJ, Giles DE, Schlesser MA, Orsulak PJ, Parker Jr CR, Weissenburger JE et al. The 
dexarrethasone suppression test in patients with mood disorders. J Clin Psychiatry ^9^S■, 
57: 470-484. 

22. Handwerger K. Differential patterns of HPA activity and reactivity in adult posttraumatic 
stress disorder and major depressive disorder. Harv Rev Psycliiatry 2009; 17: 184-205. 

23. Nithianantharajah J, Hannan AJ. Enriched environments, experience-dependent plasticity 
and disorders of the nen/ous system. Nat Rev Neurosci 2006; 7: 697-709. 

24. Cao L, Choi EY, Liu X, Martin A, Wang C, Xu X etal. White to brown fat phenotypic switch 
induced by genetic and environmental activation of a hypothalamic-adipocyte axis. Cell 
Mefaf)2011; 14: 324-338. 

25. Chida D, Sato T, Sato Y, Kubo M, Yoda T, Suzuki H etal. Characterization of mice deficient 
in melanocortin 2 receptor on a B6/Balbc mix background. Mol Cell Endocrinol 2009; 300: 
32-36. 

26. Molina CA, Foulkes NS, Lalli E, Sassone-Corsi P. Inducibility and negative autoregulation 
of CREM: an alternative promoter directs the expression of ICER, an early response 
repressor. Cell 1993; 75; 875-886. 

27. Lalli E, Sassone-Corsi P. Signal transduction and gene regulation: the nuclear response to 
cAMP. J Biol Chem 1994; 269: 17359-17362. 

28. Spiga F, Liu Y, Aguilera G, Lightman SL. Temporal effect of adrenocorticotrophic hormone 
on adrenal glucocorticoid steroidogenesis: involvement of the transducer of regulated cyclic 
AMP-response element-binding protein activity. J Weuroendocrino/ 201 1 ; 23: 136-142. 

29. Gummow BM, Scheys JO, Cancelli VR, Hammer GD. Reciprocal regulation of a 
glucocorticoid receptor-steroidogenic factor-1 transcription complex on the Dax-1 promoter 
by glucocorticoids and adrenocorticotropic hormone in the adrenal cortex. Mol Endocrinol 
2006; 20: 2711-2723. 

30. Cole TJ, Myles K, Purton JF, Brereton PS, Solomon NM, Godfrey Dl et al. GRKO mice 
express an aberrant dexamethasone-binding glucocorticoid receptor, but are profoundly 
glucocorticoid resistant. Mol Cell Endocrinol 200}; 173: 193-202. 

31 . Webster MJ, Knable MB, O'Grady J, Orthmann J, Weickert CS. Regional specificity of brain 
glucocorticoid receptor mRNA alterations in subjects with schizophrenia and mood 
disorders. Mol Psychiatry 2002; 7: 985-994, 924. 

32. Knable MB, Barci BM, Webster MJ, Meador-Woodruff J, Torrey EF, Stanley 
Neuropathology Consortium. Molecular abnormalities of the hippocampus in severe 
psychiatric illness: postmortem findings from the Stanley Neuropathology Consortium. Mol 
Psychiatry 2004; 9: 609-620, 544. 

33. Matsubara T, Funato H, Kobayashi A, Nobumoto M, Watanabe Y. Reduced glucocorticoid 
receptor alpha expression in mood disorder patients and first-degree relatives. Biol 
Psychiatry 2006; 59: 689-695. 

34. Ridder S, Chourbaji S, Hellweg R, Urani A, Zacher C, Schmid W etal. Mice with genetically 
altered glucocorticoid receptor expression show altered sensitivity for stress-induced 
depressive reactions. J Neurosci 2005; 25: 6243-6250. 

35. Molteni R, Calabrese F, Chourbaji S, Brandwein C, Racagni G, Gass P ef al. Depression- 
prone mice with reduced glucocorticoid receptor expression display an altered stress- 



dependent regulation of brain-derived neurotrophic factor and activity-regulated cytoskeleton- 
associated protein. J Psychopharmacoi 201 0; 24: 595-603. 

36. Sarai M, Taniguchi N, Kagomoto T, Kameda H, Uema T, Hishikawa Y. Major depressive 
episode and low dose dexamethasone suppression test. Fo//a Psychiatr Neuroljpn 1982; 
36: 109-114. 

37. Markianos M, Panas M, Kalfakis N, Vassilopoulos D. Plasma testosterone in male patients 
with Huntington's disease: relations to severity of illness and dementia. Ann Neurol 2005; 
57: 520-525. 

38. Markianos M, Panas M, Kalfakis N, Vassilopoulos D. Plasma testosterone, 
dehydroepiandrosterone sulfate, and Cortisol in female patients with Huntington's 
disease. Neuro Endocrinol Lett 2007; 28: 199-203. 

39. Van Raamsdonk JM, Murphy Z, Selva DM, Hamidizadeh R, Pearson J, Petersen A et al. 
Testicular degeneration in Huntington disease. Neurobioi D/S2007; 26; 512-520. 

40. Hannan AJ, Ransome Ml. Deficits in spermatogenesis but not neurogenesis are alleviated 
by chronic testosterone therapy in R6/1 Huntington's disease mice. J Neuroendocrinol 
2012; 24: 341-356. 

41. Papalexi E, Persson A, Bjorkqvist M, Petersen A, Woodman B, Bates GP etal. Reduction 
of GnRH and infertility in the R6/2 mouse model of Huntington's disease. Eur J Neurosci 
2005; 22: 1541-1546. 

42. Markianos M, Panas M, Kalfakis N, Hatzimanolis J, Vassilopoulos D. Neuroendocrine 
evidence of normal hypothalamus-pituitary dopaminergic function in Huntington's disease. 
Weuro Endocrinol Left 2010; 31; 359-362. 

43. Markianos M, Panas M, Kalfakis N, Vassilopoulos D. Plasma homovanillic acid and 
prolactin in Huntington's disease. Neurochem Res 2009; 34: 917-922. 

44. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C etal. Exon 1 of 
the HD gene with an expanded CAG repeat is sufficientto cause a progressive neurological 
phenotype in transgenic mice. Cell 1 996; 87: 493-506. 

45. Moffitt H, McPhail GD, Woodman B, Hobbs C, Bates GP. Formation of polyglutamine 
inclusions in a wide range of non-CNS tissues in the HdhQ150 knock-in mouse model of 
Huntington's disease. PLoS One 2009; 4: e8025. 

46. Weaver IC, Cen/oni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR ef al. 
Epigenetic programming by maternal behavior. Nat Neurosci 2004; 7: 847-854. 

47. Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A et al. Maternal care, 
hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal responses to 
stress. Science 1997; 277: 1659-1662. 



Translational Psychiatry is an open-access journal 
published by Nature Publishing Group. This work is 



licensed under the Creative Commons Attribution-Noncommercial-No 
Derivative Works 3.0 Unported License. To view a copy of this license, 
visit http://creativecommons.Org/licenses/by-nc-nd/3.0/ 



Supplementary Information accompanies the paper on tfie Translational Psyciniatry website (fittp://www.nature.com/tp) 



Translational Psychiatry 



